Respiration rate is an important measure for assessing a patient's health and is typically measured using obtrusive devices. A non-obtrusive method of estimating respiration rate by taking advantage of data packets being sent from sensor nodes in a wireless body area network is proposed and investigated. In contradistinction to other methods, the proposed method does not require dedicated hardware and does not impose overheads on transmission power and throughput. Instead, it makes use of data packets already being sent to support some other physiological monitoring applications such as cardiac, temperature or motion monitoring. The method is demonstrated on a single subject and results are presented from a study including 40 measurements taken from eight subjects. The mean estimation error in the study was 0.58 breaths per minute. The proposed method can be used to augment wireless body monitoring applications with important respiration rate measurements without imposing overheads on the compact sensor nodes.
Introduction: A wireless body area network (WBAN) is composed of compact sensor nodes placed on the body primarily for the purpose of physiological monitoring. The sensor nodes communicate wirelessly with an access point (AP) typically placed on the body and forming a star-topology network with the sensor nodes. WBANs are used to monitor cardiac activity, movement and overall well-being. They are expected to play a key role in addressing overloaded healthcare systems and were recently standardised in the IEEE 802.15.6 standard [1] .
Respiration rate (RR) is widely recognised as an important measure of a patient's health that is not measured often enough [2, 3] . Traditionally, RR is measured using a capnometer [4] comprising a bulky device for measuring the carbon dioxide levels from tubes connected to the nostrils of the patient. Alternative less obtrusive solutions were proposed in the past. See [5] [6] [7] [8] [9] for examples making use of inductive coupling [5] , capacitive sensors [6] , motion detectors [7] , Doppler radar [8] and high-frequency reflections [9] . See [10] as well for a commercial product performing RR measurements by analysing the airflow sound using a sticker attached to the neck. All the methods reported in the past rely on dedicated hardware or infrastructure. In this Letter, we propose and investigate a method of estimating RR using the existing wireless data transmission in a WBAN. The method is non-obtrusive, does not require dedicated hardware and does not impose overheads on system resources. We are unaware of a past attempt of RR estimation using a sensor node's existing data transmission.
If a WBAN is already placed on a patient for monitoring purposes other than RR, the sensor nodes are already sending data packets to the AP. These packets are attenuated by the wireless channel thereby changing the received signal strength at the AP. While the patient is breathing, the positioning of the sensor nodes and their corresponding antennas change slightly in a periodic fashion following the breathing cycle. This periodic change in position and orientation of the antennas induces a periodic pattern in the attenuation of the wireless fading channel due to the changing multipath propagation from the sensor node to the AP. All commercially available transceivers provide channel state information (CSI) per received data packet in the form of a received signal strength indicator (RSSI). When the transmitter power is known at the AP, the RSSI provides an indication of the channel attenuation. We hypothesise that the time-varying RSSI values at the AP hold information about the RR. We propose to estimate RR by analysing the periodic change of the RSSI from packets received at the AP. Since the proposed approach relies on the existing sensor node hardware and data traffic, it represents no additional overheads on system resources and elegantly augments any WBAN with RR measuring capability.
RR from CSI:
In a typical physiological monitoring application, sensed data are aggregated in the sensor node's memory and transmitted to the AP in packets at a rate typically faster than one packet per second. An RSSI measure is available at the AP per packet received from a sensor node. The RSSI data at the AP are samples taken at a typical rate of at least one sample per second. Following the Nyquist sampling theorem, an underlying frequency of up to 0.5 Hz may be estimated from the samples. This frequency corresponds to an RR of up to 30 breaths per minute (BPM), well above the expected RR values.
The dynamic range of RSSI values measured at the AP is limited and commonly distributed on an exponential scale. For RR estimation, the difference in channel attenuation across the breathing cycle should span at least two consecutive RSSI values or breathing would not be reflected in the RSSI.
An important point to consider is the manner in which packets are sent by a sensor node. Packet transmission is handled by a microcontroller tending to other tasks such as sensing and storing data. Even if a sensor node is configured to send a packet periodically, the actual time passing between the transmitted packets could vary due to varying delays in the task queue of the microcontroller. In addition, packets could be lost when channel attenuation is strong. It follows that the stream of RSSI samples at the AP should be viewed as nonuniform sampling of the RSSI. Note that the time at which each RSSI sample is acquired is given at the AP. Assuming the average rate of RSSI samples at the AP is more than twice the RR per second, estimation of RR is feasible based on Shannon's sampling theory of nonuniform sampling [11] . More specifically, if we expect a maximum RR of 25 BPM (corresponding to a frequency of 0.42 Hz), then a minimum average packet reception rate of 0.84 packets per second is required. As mentioned earlier, a higher packet rate is expected in WBANs.
The RSSI would not vary solely due to the periodic RR signal being estimated. A dynamic environment and/or a mobile patient would result in randomly changing multipath propagation affecting the RSSI as well. On top of that, RSSI estimation at the AP is performed under noisy conditions. Our problem should therefore be formulated as narrowband spectral estimation from non-uniform sampling in a noisy environment with potential interference.
Once the non-uniform RSSI samples are collected at the AP, we propose to apply nearest-neighbourhood interpolation (Voronoi step function with predetermined uniform spacing) to achieve a uniform stream of RSSIs, followed by spectral estimation and the detection of peak frequency within the narrow frequency range corresponding to the expected range of RR. Note that the aforementioned process is equivalent to performing the first iteration of the Voronoi approach to reconstructing a band-limited signal from irregular sampling [11] . In the Voronoi approach (aka the Allebach algorithm), multiple iterations would converge to the original signal given a high enough average sampling rate. However, we are not interested in reconstructing the RSSI signal in time. We are only interested in the peak frequency component indicative of the RR. For our purpose, a single iteration is enough. 
. The Chipcon CC2420 RF transceiver was calibrated to have an RSSI step of 6 dB within a dynamic range from 0 to 100 dBm.
The sensor node and AP were placed on each participant according to Fig. 1 . The participant was asked to sit comfortably in front of a computer screen running a MATLAB script. The script extracted a random RR value between 4 and 15 from an exponential distribution so that lower RRs are more likely to be selected. This was done to reflect the fact that a lower RR is more likely for a patient sitting still. The script repeatedly printed the words 'Breath In' and 'Breath Out' 10 times at a rate corresponding to the selected RR. This procedure was repeated five times per participant in total resulting in an overall sample size of 40 RRs and their corresponding non-uniformly sampled RSSI sequences. The RSSI sequences were interpolated using a Voronoi step function with a spacing of 1 ms to match the accuracy of time stamps on the RSSIs received at the AP.
Results: In Fig. 2 , we demonstrate the typical RR estimation from a set of non-uniform RSSI samples recorded during the study. A portion of the RSSI samples and their interpolated version are presented in Fig. 2a and the spectral estimation is presented in Fig. 2b . A spectral peak is clearly visible in 10.4 BPM corresponding to the reference RR of 10.9 BPM generated by the MATLAB script in this case. We present RR estimation results for all subjects in Fig. 3 using a Bland-Altman plot [12] . The Y-axis is the difference between the estimated RR and the corresponding reference RR generated by the MATLAB script and the X-axis is the average of the two. The samples cover the range of expected RRs and exhibit a mean estimation error of 0.58 BPM and a standard deviation of 1.87 BPM. Note that 29 out of the 40 measurements have an absolute error of <1.25 BPM. For comparison, the standard deviation of the proposed method in [10] and the corresponding capnometer accuracy were reported in [10] to be 1.31 and 1.62 BPM, respectively.
Conclusion:
The presented non-obtrusive method was shown to effectively estimate the RR using intermittent data packets transmission from a sensor node placed on the body. The major benefit of the proposed method is its ability to augment physiological monitoring applications with important RR measurements without resorting to dedicated hardware and without sacrificing limited resources of compact sensor nodes.
